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We create an ultracold dense quantum gas of ground state molecules bound by more than 1000 wavenumbers by stimulated two-photon transfer of molecules associated on a Feshbach resonance from a Bose-Einstein condensate of cesium atoms. The transfer efficiency exceeds 80%. In the process, the initial loose, long-range electrostatic bond of the Feshbach molecule is coherently transformed into a tight chemical bond. We demonstrate coherence of the transfer in a Ramsey-type experiment and show that the molecular sample is Ultracold samples of molecules are ideally suited for fundamental studies in physics and chemistry, ranging from few-body collisional physics [1, 2, 3, 4] , ultracold chemistry [5] , high resolution spectroscopy [6, 7] , to quantum gases and molecular Bose-Einstein condensation [8] and quantum processing [9] . For many of the proposed experiments full control over the molecular wave function in specific deeply bound rovibrational states is needed. High densities are required for molecular quantum gas studies. Only in the rovibronic ground state, i.e. the lowest energy level of the electronic ground state, is collisional stability assured. However, direct molecular cooling towards high phase space densities seems yet out of reach [10] , whereas techniques like Feshbach association [11] and photoassociation [12] either only produce molecules in weakly bound rovibrational levels or suffer from low production rates and low state selectivity. In order to produce a quantum gas of molecules in their absolute ground state, Jaksch et al. [13] proposed a scheme for homonuclear alkali molecules in which the technique of stimulated twophoton transfer is repeatedly applied to molecules associated from a high-density sample of ultracold atoms. The initially very loosely bound molecules are transferred in successive steps to the rovibrational ground state of the singlet [17, 18] . Our procedure [17] gives an ultracold and dense sample of up to 11000 molecules every 10 s. Upon lowering the magnetic field, the molecules are transferred from the initial state |d> to a still weakly bound s-wave molecular state |s> of the lowest hyperfine channel (F 1 = 3, F 2 = 3) via an avoided crossing [18] . The index i = 1, 2 denotes the i-th atom. Upon further lowering the magnetic field to about 2.2 mT, the molecules enter into a closed channel s-wave molecular state |a> via a second, broad avoided crossing [18] . This state belongs to the uppermost hyperfine channel (F 1 = 4, F 2 = 4) and thus has an effective binding energy of more than 2 × hν Cs .
Here h is Planck's constant and ν Cs ≈ 9.19 GHz is the Cs clock frequency. Similar to |s> this state is a mixture of the X 1 Σ + g ground state and the lowest triplet a 3 Σ + u state, coupled by hyperfine interaction, and it has zero rotational angular momentum. At a field of 1.9 mT, it has a binding energy of 5 MHz×h with respect to the F = 3, m F = 3 two-atom asymptote [18] . As one might expect, we find that optical transition rates as measured below are improved when using this effectively more deeply bound state as the initial state for two-photon transfer instead of state |s>. We shut off the trap and perform all subsequent experiments in free flight to reduce the particle density in order to avoid collisional processes. We detect molecules in |a> via states |s> and |d> by reversing the magnetic field ramp, dissociating them on the Feshbach resonance at 4.8 mT, and imaging the resulting atoms [17] .
Efficient two-photon transfer via the stimulated Raman adiabatic passage (STIRAP)
technique [20, 14] relies on a suitable choice for the excited state |e>. In our case this state must have singlet character so that it can be used as a transfer state to deeply bound levels of the X 1 Σ + g potential. In general, it must be well separated from other states, which otherwise could be off-resonantly excited. It should thus be situated far to the red of the excited S1 The ground state level |g> with vibrational quantum number ν = 73 is well known from conventional molecular spectroscopy [21, 22] . However, its binding energy, as well as the binding energy of all vibrational levels, has only been known with an uncertainty of about ±0.45 cm −1 prior to the present experiments [22] . We search for |g> by exciting the transitions from |a> to |e> with laser L 1 and from |e> to |g> with laser L 2 simultaneously [23] . The two light fields create a molecule-molecule dark state. The molecules initially in |a> are lost unless the second laser L 2 is on two-photon resonance, provided that the Rabi frequency Ω 2 on the second transition is equal to or greater than Ω 1 , the Rabi frequency on the first transition. For coherence, stability, and reproducibility, we lock both lasers to independent narrow-band optical resonators, which we reference to an optical frequency comb. The comb is not calibrated, but it allows precise differential frequency measurements and provides long-term stability needed for systematic line searches [19] . We find the resonance condition with vibrational level ν = 73 at 1005.976 (1) giving |Ω 1 /Ω a | 2 < 10 −6 reflects the minuteness of the wave function overlap.
We are now in a position to carry out coherent transfer using the STIRAP technique. For detection, we apply the reverse STIRAP sequence after a waiting time τ w ≈ 10 µs to transfer the molecules back into |a>. During this time we leave laser L 1 on to assure that all possible residual population in state |a> is removed.
We perform double STIRAP about 3 ms after the production of the Feshbach molecules. Then a large fraction of them returns in the course of the reverse STIRAP sequence. For this particular measurement both lasers are on resonance. The peak Rabi frequencies are Ω 1 ≈ 2π ×3 MHz and Ω 2 ≈ 2π ×6 MHz. We typically obtain an overall efficiency of more than 65% for the double transfer process, corresponding to single pass efficiencies of more than 80%, assuming equal efficiencies for both passes. Fig. 3C shows the double pass efficiency as a function of detuning ∆ 2 of laser L 2 . Simulations for the three-level system
show that the FWHM-width of the efficiency curve of about 800 kHz is compatible with a combination of laser power broadening and Fourier broadening. Our simulations also
show that higher transfer efficiencies can be expected for an optimized STIRAP pulse sequence in which both peak Rabi frequencies are equal.
We demonstrate coherence of the transfer process in a Ramsey-type experiment [14] .
For this, we halt the transfer process during the first STIRAP sequence after τ ≈ 12 µs when a balanced superposition of |a> and |g> has been created with |α(τ )| 2 ≈ We attribute this apparent loss of phase coherence to a slow relative frequency drift of lasers L 1 and L 2 , leading to a slightly different two-photon detuning from shot to shot.
In Fig. 4A , we have added a region indicating a frequency jitter of ±6 kHz. This value is compatible with the present stability of our lasers. Note that the frequency drift does not affect an individual STIRAP process as the transfer efficiency is very robust against laser detuning as shown in Fig. 3C .
We now show that the molecular sample is not heated during the transfer process 8 and is indeed in the quantum gas regime. For this we measure and compare the rate of expansion of the molecular sample in state |a> without and with the double transfer process. In our regime the energy scale for expansion is usually set by the mean field of the BEC, resulting in typical expansion energies for the atoms in the range from k B × 2 nK to k B × 10 nK, where k B is Boltzmann's constant, depending on the strength of the atomic interaction [24] . We find that the initial magnetic field ramping excites collective motion of the BEC in the form of a breathing mode as a result of a change in the atomic interaction strength [16] . The breathing is transformed into expansion of the sample when the trap is shut off. We follow the expansion by monitoring the change of the ThomasFermi radius r of the sample. and 10 −2 , respectively. We expect that initial spectroscopy near 1339 nm and subsequent search for dark resonances will be straightforward as now all transition energies are known to 10 −3 cm −1 . Molecules in ν = 0, J = 0 cannot further decay into a lower state upon a two-body collision, and they are thus expected to allow the formation of an intrinsically stable molecular BEC. The high speed of our STIRAP transfer will allow us to perform in-situ as well as time-of-flight imaging for direct characterization of the spatial and momentum distribution of the molecular ensemble. With our technique any low-lying vibrational state can be coherently populated in a controlled fashion with full control over the rotational quantum number, allowing, e.g., state-specific collisional studies and high-precision molecular spectroscopy with possible implications for fundamental physics [6, 7] . Our procedure can be adapted to other species, in particular to heteronuclear alkali dimers such as RbCs [25] and KRb [15] for the creation of dipolar quantum gases [26] .
For heteronuclear alkali dimers a single two-photon transfer step might suffice as a result of favorable wave function overlap [27] . We expect that the combination of our technique with Feshbach molecule production out of a Mott-insulator state in a three-dimensional lattice [28] will increase the initial Feshbach molecule production efficiency, avoiding collective excitations as a result of magnetic field ramping and inhibiting collisional loss, and will provide full control over all internal and external quantum degrees of freedom of the ground state molecules. nK.
